Abstract-This paper presents measurements of the avalanche multiplication factor (M 0 1) in SiGe HBT's using a new technique capable of separating the avalanche multiplication and Early effect contributions to the increase of collector current with collector-base bias, as well as allowing safe measurements at practical current densities. The impact of collector doping, current density, Ge profile, and operation temperature are reported for the first time using measured and simulated results from a production-quality UHV/CVD SiGe HBT technology. Limitations of the technique in the presence of significant self-heating are discussed. By turning on the secondary hole impact ionization, we revealed the difference in impact ionization between strained SiGe and Si in the presence of the "dead space" effect. Despite its smaller bandgap, the compressively strained SiGe layer shows an apparent decrease in the secondary hole impact ionization rate compared to Si.
I. INTRODUCTION
T O realize optimum performance, SiGe HBT's are typically designed with heavily doped implanted collectors. For practical circuits operating at either high collector current density or high collector-base bias , avalanche multiplication is an important effect that must be accurately measured and modeled. In digital applications, the avalanche multiplication factor determines the breakdown voltage and the base current reversal voltage, which in turn determines the maximum power supply for stable logic operation [1] , [2] . In analog applications, avalanche multiplication seriously degrades the output resistance of an amplifier [3] . In critical RF circuits such as power amplifiers (PA) and low noise amplifiers (LNA), the collector-base junction avalanche multiplication degrades the linearity of the circuit because of the resulting strong nonlinear feedback from the output (collector) to the input (base) [4] , [5] . This is particularly the case for state-of-the-art high-performance transistors featuring high collector doping. The accuracy of avalanche multiplication models in either the traditional SPICE modeling [6] or more complicated mixed-mode device/circuit simulation [5] is critical to the device design of high linearity LNA and PA circuits.
The avalanche multiplication factor in SiGe HBT's has been recently measured in [7] using a forcedtechnique that allows a safe extraction of the multiplication factor at much higher bias and currents than with the conventional forcedmethod [2] . The technique in [7] , however, did not explicitly account for the Early effect, which makes the results inaccurate at low , as shown below. We present here an improved extraction technique capable of properly accounting for the Early effect, as well as a novel method to separate the avalanche multiplication and Early effect contributions to This separation is important for both accurate circuit modeling and a basic physical understanding of device operation, because of their very different impact on the base and emitter currents, as will be detailed below. We present in this work the measured results of multiplication factor from a production-quality UHV/CVD SiGe HBT technology. Guided by numerical simulation, we also explore the difference in avalanche multiplication rate by holes between SiGe and Si by turning on the secondary hole impact ionization.
II. DEVICE TECHNOLOGY AND MEASUREMENT SETUP
The devices were fabricated using a self-aligned epitaxialbase technology [8] . Fig. 1 shows a schematic cross section of the device. The SiGe base is formed in an ultrahigh-vacuum/chemical vapor deposition (UHV/CVD) lowtemperature epitaxy (LTE) system. Polysilicon deposited over the field oxide during the LTE serves as the extrinsic base contact. Polysilicon-filled, closed-bottom, deep trenches isolate adjacent subcollectors, and the field oxide is fabricated using a planar shallow trench process. For standard devices in the technology, the intrinsic collector was formed by a double implantation to realize high performance. Representative vertical doping and Ge profiles of the standard SiGe HBT are shown in Fig. 2 . For RF power applications, devices with a higher breakdown voltage were fabricated on the same wafer by leaving out one or both of the collector implantations [9] . Thereafter we will refer to the standard device with a double collector implant, the single collector implant device, and the 0018-9383/99$10.00 © 1999 IEEE no collector implant device as the high, medium and low collector doping (N C ) SiGe HBT's, respectively. DC characteristics were measured on-wafer using an HP4155 with a probe station capable of operating from 80 to 300 K, and ac characteristics were measured onwafer using an HP8510C network analyzer. Key electrical characteristics, including the peak current gain , peak cutoff frequency , peak maximum oscillation frequency , the base resistance , and open-base breakdown voltage are summarized in Table I for a 0.5 (emitter width)  20 (emitter length) 2 (number of emitter stripes) m device with different collector doping. Two-dimensional (2-D) numerical simulations using MEDICI [10] were performed to help understand experimental observations. The coefficients of physical models such as the bandgap narrowing (BGN) parameters in SiGe and Si used in the simulations were calibrated such that both the dc and ac characteristics were reproduced from simulation with reasonable accuracy. Vertical SIMS doping and Ge profiles were used in the simulation, and the lateral transition between the extrinsic and intrinsic base was determined by best fitting the measured and simulated base resistance [11] .
III. MEASUREMENT TECHNIQUE
We first derive the theoretical equations for extraction under a fixed emitter current measurement setup including the Early effect, which was not taken into account in our earlier technique [7] . Although the measurement of at fixed emitter current had been previously used in the literature [12] , (1) The use of the fixed base-emitter voltage equation for fixed emitter current measurement setup is obviously incorrect because the base-emitter voltage decreases due to the Early effect, as confirmed by measurement. As a result, the base current reduction term is no longer purely due to avalanche multiplication, but instead is a mixed result of the base-emitter voltage decrease which itself reduces , and the avalanche multiplication. Consequently, is overestimated when the fixed base-emitter voltage equation was used for fixed emitter current measurement setup. The correct equation for the fixed emitter current measurement setup is derived below, followed by experimental verification.
A. Theoretical Analysis
To measure , the collector-base voltage is swept at a fixed emitter current , and the emitter-base voltage is recorded. Because of the Early effect, decreases with increasing , thus decreasing the base current injected into the emitter, and hence increasing the initial current for avalanche multiplication To calculate the multiplication factor, we first need to determine the component of emitter current that recombines with holes before reaching the collector-base junction so as to determine the initial electron current for avalanche multiplication. For modern transistors, hole injection into the emitter is far more significant than neutral base recombination, and therefore one has (2) where is the collector-base leakage current with a floating emitter. The base current measured under for a value recorded during the sweep was used as the component of emitter current that recombines with holes before reaching the collector-base junction. The essence of the assumption is that for a virtual transistor without avalanche multiplication, the base current is solely determined by This assumption is well satisfied for today's Si and SiGe transistors with narrow base and shallow emitter, in which the hole injection into the emitter is far more significant than neutral base recombination current, even for devices with evenly substantial neutral base recombination [14] . For transistors in which neutral base recombination dominates the base current, the base doping needs to be much higher than the collector doping to satisfy this assumption. In the latter case, the sweep in does not significantly affect the neutral base boundary because most of the depletion occurs on the collector side, and therefore does not affect the neutral base recombination current. This assumption in fact is also made in the conventional fixedmultiplication factor measurement technique [2] .
The multiplication factor is then extracted from (2) as (3) Next, we extract the Early effect factor which is related to the initial current by the following definition:
Another description of this equation is that the electron current at the collector-base junction boundary increases with by a factor of The factor is related to the conventional Early voltage through Experimentally it has been established that the traditional "Early voltage" approach to the modeling of Early effect is not sufficient to model the output resistance for analog circuits [15] . The determination of the Early voltage can be very difficult in practice because: 1) the output curve usually deviates from linear, and 2) the intersection of the extrapolated curve with axis is a function of bias [16] . The technique here allows a direct measurement of the Early effect factor as a function of bias. From (2) to (4) (3) and (5). One may ask why we need to separate the Early effect and avalanche multiplication effect if they both have the same impact on collector current. To answer this, consider a transistor biased at certain , and now imagine increasing the collector bias. The Early effect results in an increase in both the collector current density and the emitter current density , with no change in the base current density for a transistor without neutral base recombination. Physically, the minority carrier distribution in the base is changed, which results in an increase in both the emitter current and the collector current. Avalanche multiplication, however, by its very nature, results in not only an additional increase in , but also a decrease in by the same amount. The emitter current , however, is not affected. In practical circuit operation, this creates a strong nonlinear feedback from the output to the input for common-emitter operation [5] , and is thus important. axis shows the current gain. Fig. 4 compares the multiplication factor versus extracted using the conventional forcedtechnique [2] , the forced-technique introduced in [7] , and the new forced-technique presented here. With Early effect correction, more accurate results at low are obtained and the advantage of safe extraction at high and is retained. Catastrophic thermal breakdown occurs when the conventional technique is used, due to the positive feedback of self-heating on at fixed Fig. 5 shows the measured change during the sweep for two different emitter currents. Clearly decreases with increasing , because a higher leads to a higher initial current due to the Early effect. When increases, has to decrease to maintain the total amount of The amount of change during the sweep under fixedis a direct measure of the Early effect. Fig. 6 shows the and corresponding to Fig. 5 . The measured Early effect factor is larger at higher bias current, and the measured multiplication factor is about the same for these two bias currents. Possible reasons for the observed current dependence include the self-heating induced collector current increase, and the free carrier induced neutral base boundary shift. The increase due to Early effect is considerably larger than that due to avalanche multiplication at V. At low values, there is physically no impact ionization taking place because the maximum possible kinetic energy in the absence of scattering is less than the threshold for impact ionization. The values of extracted are thus due to the finite amount of collector-base conductance due to neutral base recombination. This limitation is common to all the existing extraction methods, and for this very reason, the below of 1 V is usually not plotted in measurements using the conventional fixedtechnique [2] . For further verification, we apply the and measured under forced-operation to reproduce the forcedoutput
B. Experimental Verification
The results are shown in Fig. 7 , and the reproduction agrees well with the values directly measured under forcedoperation. The base current decreases with increasing by an amount equal to the avalanche multiplication generated electron current
The avalanche multiplication induced base current reduction equals where gives the initial current for avalanche multiplication. The open emitter current in these devices is extremely small ( level) and therefore can be safely neglected. The calculated base current change during the forcedsweep from (7) using the measured and extracted from the forced-sweep agrees well with the values directly measured under forcedsweep, as shown in Fig. 8 . The individual contributions of Early effect and avalanche multiplication are clearly and properly revealed in this way for the first time. Note that the base current decreases monotonically with increasing , which implies that self-heating is not significant in this case as far as its effect on the base current reduction is concerned. In the presence of significant self-heating, the junction temperature increases with increasing , which would result in a local increase of base current at low when measured under forcedmode. Special care needs to be taken to extract at high current densities, as discussed below. From (7), we can easily determine the condition for the base current to reverse its sign (8) The base current is positive below the base current reversal voltage at which (8) holds, and becomes negative above this voltage.
IV. DISCUSSION

A. Effects of Self-Heating
At the high current densities and high which may cause significant self-heating, substantial errors may result from using the proposed technique as is. The difficulty lies in the inaccurate estimation of the emitter component that recombines with holes before reaching the collector-base space charge region (CB-SCR). Without self-heating, this current component was determined using the base current measured at the values recorded during the fixedsweep. With significant self-heating, the hole injection into the emitter depends on not only , but also through the junction temperature. A simple fix, however, exists if the is higher than the reciprocal of In actual measurements, one can identify this by comparing the measured with the reciprocal of
The initial current can then be approximated by the emitter current , and can be approximated as Insight can be gained by expressing in a different manner (9) When , one can safely neglect the term. For instance, if the current gain is around 100, the value obtained by neglecting the term is 1.1. This is a good approximation to its actual value of in principle is a function of the current density and due to its junction temperature and Early effect dependence. However, as long as the measured is far larger than , one can simply take as the initial current, and take as with little error introduced. In other words, self-heating may either increase or decrease the current gain, but as long as the gain is high enough, and for the high region where is large, a very good approximation of the actual is still obtained. The obtained values, however, are the values of at the junction temperature which itself is a function of bias, because is a function of the lattice temperature. The approximation obviously cannot be made in situations where is smaller than In practical devices, one can utilize the above approximation in situations where is observed in the measurement. In our devices, however, we did not observe at high current density, because the factor decreases with increasing current density, due to the Kirk effect [17] . The compensation of depletion charges by free carriers reduces the electric field in the CB-SCR, and hence reduces , as we will show below. Therefore, the measurement of at high current densities could be even more difficult for a low device in which the Kirk effect is strong, because of its intrinsically lower value of , as confirmed by the measurement below.
can therefore be expected to occur in future devices with higher collector doping than the highdevices used in this work. In that case, self-heating can be well tolerated by using the above approximation. Another indication of (9) is that a high current gain transistor is desirable from the viewpoint of measuring the multiplication factor. 
B. Impact of Collector Doping
Figs. 9 and 10 show the Early effect factor and multiplication factor -for three devices with different collector doping fabricated on the same wafer , , and V for high, medium and low , respectively). The Early effect is more pronounced for higher collector doping due to its larger CB junction capacitance, and dramatically decreases at lower collector doping due to its smaller CB junction electric field, as expected. The fact that there is no avalanche multiplication at of 3.0 V (3.7 eV total potential energy drop across CB-SCR considering a 0.7 V built-in potential) in the lowdevice strongly suggests that the kinetic energy of the electrons never reaches the threshold for avalanche multiplication, despite the large total potential drop. Consequently, in addition to the sufficiently high collector voltage drop, the occurence of impact ionization requires the peak field to exceed a certain critical value, below which the kinetic energy of the electrons is always lost before reaching the threshold to create an electron-hole pair. The strong field also needs to expand in the CB-SCR for a certain distance so that "lucky" electrons can gain enough energy to create an electron-hole pair.
C. Impact of Current Density and High Current Limitations
For RF power amplifier applications, the devices are usually biased at high current density and high collector bias. Fig. 11 shows the versus the emitter current density for devices with different collector doping levels. The compensation of charges in the CB space charge region (SCR) by free carriers reduces the effective doping and electric field, thus decreasing at higher (practical) [2] . The factor at high current density is small compared to the reciprocal of the current gain (around 100), and was not observed at high current density, for which we can make very good approximations of as discussed earlier. Fig. 12 shows the measured cut-off frequency as a function of the collector current density for the three collector dopings. For the high and medium devices, the in the current density range of 0.1-1.0 mA/ m , at which SiGe HBT's have optimum frequency response (see Fig. 12 ), is considerably smaller than its low values, demonstrating the importance of measurements at these practical operational current densities. This also suggests that should be modeled as a function of bias current density in RF circuit simulation to accurately predict the nonlinear distortion behavior. For circuit applications such as RF amplifiers, the current densities below the value where the cutoff frequency starts to fall off are of interest. At higher current densities, base push-out occurs, and self-heating effect can be pronounced, making the base current without impact ionization dependent on the collector-base bias, and thus invalidating the fundamental assumption underlying all of the existing extraction methods that the base current without avalanche multiplication is independent of the collector-base bias. The distributed nature of the base recombination current in the CB-SCR also makes the estimation of the initial current inaccurate in this regime.
D. Impact of SiGe
Previous studies [8] have shown that the unavoidable SiGe in the CB-SCR of a SiGe HBT does not inadvertently affect , because of the "dead space" effect [18] . The peak electron energy position is deeper in the Si region, thus impact ionization occurs mostly in the silicon region, resulting in the same for both SiGe and Si devices [7] , [8] . A logical question is whether we can measure the avalanche multiplication factor in strained SiGe so as to know how the avalanche multiplication effect changes in SiGe compared to Si. The answer is potentially useful for understanding avalanche multiplication in future pnp SiGe HBT's which require a deeper grading of SiGe into the collector. We propose here to reveal the difference in avalanche multiplication effects in SiGe and Si by observing the multiplication factor at the onset of secondary hole avalanche multiplication. Electrons are accelerated toward the collector side of the CB-SCR, while holes are accelerated toward the base side of the CB-SCR. Consequently hot holes are populated at the base side of the CB-SCR. If the peak hole energy lies in the portion of the CB-SCR where Ge content peaks, we should be able to distinguish the impact ionization by hot holes in SiGe and Si. For this purpose, we performed 2-D numerical simulation using the energy transport advanced application module of MEDICI [10] . Although MEDICI does not have a particular model for the energy transport in strained SiGe, we expect the resulting hole temperature distribution to be useful in at least determining where the peak hole energy lies. The simulated results in Fig. 13 indeed show that the peak hole energy position lies in the region where Ge content peaks in these devices.
Next we measure the multiplication factor up to very high to turn on the secondary hole impact ionization [19] . Electrons get accelerated across the CB-SCR, and generate secondary electron-hole pairs at the end of the CB-SCR. The secondary electrons are collected by the collector, and the secondary holes drift back toward the base side of the CB-SCR. During the drift process, these secondary holes gain energy, and create electron-hole pairs at the base end of the CB-SCR. The above description is a simplified picture of the real process which involves self-consistent solution of the transport equation. The signature for secondary hole impact ionization is an abrupt increase of the avalanche multiplication factor [19] . Fig. 14 shows the measured results up to of 12 V in two SiGe HBT's with slightly different Ge grading into the collector, and an identically processed Si control device. The in SiGe HBT's and silicon control are nearly identical at V due to the "dead space" effect. However, in contrast to V, the Si and SiGe devices show a clear difference in at higher When the contributions of impact ionization by secondary holes become significant, as indicated by the dramatic increase in A higher onset voltage for the secondary hole impact ionization and a smaller value of are observed in the SiGe HBT. The result suggests that despite the smaller bandgap of SiGe, the impact ionization rate by holes in the strained SiGe is smaller than in Si, which could be caused by the higher impact ionization threshold due to the in-plane strain. It had been theoretically shown in [20] that the threshold for impact ionization is dramatically increased if a layer is compressively strained without reducing its bandgap. An increase of impact ionization threshold was later experimentally observed in a compressive strained layer with a wider bandgap [21] . Our experimental results in the strained SiGe layer suggest that the threshold for impact ionization can be increased in a compressively strained layer even if the bandgap is reduced. This is indeed good news for hetero-structure MODFET and MOSFET utilizing strained SiGe channel. A very safe extraction up to of 12 V and of 10 is easily achieved using the new technique presented in this work.
E. Low Temperature Operation
Low temperature operation of electronics system has been an active research area for many years. The SiGe HBT is more suitable for low-temperature operation than the Si BJT, because of its high current gain and excellent frequency response at low temperatures. In previous work [22] , was observed to increase exponentially with cooling, and based on this observation, it was suggested that SiGe HBT's might not be suitable for low-temperature digital applications requiring higher , because of the increased current gain and [22] . To clarify this issue, the standard devices with a double-collector implant which are best suited for highspeed digital applications were measured over the temperature range of 80-300 K. Fig. 15 shows the low-temperature data versus collector-base voltage for a typical highSiGe HBT, and Fig. 16 shows the data as a function of 1000/T for two standard SiGe HBT's with slightly different Ge and doping profiles. Fig. 17 shows the current gain as a function of 1000/T corresponding to the data in Figs. 15  and 16 . In contrast to the previous observations of a strongly exponential increase of with cooling, the increase of with cooling is much weaker, particularly below 147 K. The difference in temperature sensitivity is not due to any Ge effect, but instead is attributed to the higher collector doping level in the device measured in this study than in the devices used in [22] . Such a weaker dependence of at higher collector doping was indeed observed in [22] in devices with collector doping levels lower than the standard device in this technology. Therefore the reduced temperature dependence of with cooling at high collector doping alleviates the power supply limit posed by the base current reversal voltage, which was previously projected to threaten low-temperature operation of scaled devices featuring high collector doping [22] . The measured base current reversal voltage is above 1.9 V for all of the devices at A at all temperatures of interest, as shown in Fig. 18 , which is sufficient for stable bipolar and BiCMOS logic operation. Our results suggest that impact ionization does not pose a difficulty for the application of SiGe HBT's in BiCMOS logic circuits at low temperatures.
V. CONCLUSIONS
We have measured the collector-base junction avalanche multiplication factor using a novel technique in a production-quality SiGe HBT technology. The technique allows the separation of the Early effect and avalanche multiplication effect for the first time, and safe measurement at practical operational current densities for RF circuit applications. Measurements on devices with different collector doping levels indicate that needs to be modeled as a function of current density to accurately predict distortion in circuit simulation. An apparent decrease of the impact ionization rate is observed in SiGe HBT's at high when the contributions of secondary holes are important. A lower in SiGe HBT's results at high due to the population of high energy holes at the base side of the CB-SCR where the Ge content peaks, as confirmed by 2-D energy balance simulation. In contrast to previous reports, we observe a slowdown of the increase in with cooling and a higher than 1.9 V base current reversal CB voltage for all the HBT's, which demonstrates the suitability of SiGe HBT for low-temperature applications. In December 1995, he joined the City University of Hong Kong, where he worked on the application of network parallel computing in electronics CAD, and the circuit simulation of switched-current oscillators and quantum effect programmable logic gates utilizing resonant tunneling devices. In May 1997, he joined Auburn University, Auburn, AL, where he has been working on SiGe RF and microwave bipolar and FET devices and circuits, low-frequency and broadband noise, device reliability, nuclear and space radiation effects, and TCAD as a Postdoctoral Research Fellow. He has authored and coauthored more than 20 technical journal papers and more than 20 conference papers in the area of microelectronic devices and circuits.
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